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Maturity indicatorSolid bitumen occurs widely in the Early Paleozoic and Precambrian strata and its reﬂectance is a generally-
accepted indicator for thermal maturity. Even though some recent papers have been published concerning the
Raman characteristics and spectral parameters of solid bitumen, a systematic investigation on the relationship
between the Raman spectral parameters and thermal maturity of solid bitumen is still lacking. In this study, a
lowmaturity solid bitumen sample was pyrolysed under laboratory-controlled conditions to obtain a suite of ar-
tiﬁcial bitumen sampleswith differentmaturities (BRo = 1.1–4.81%), which are used to investigate the relation-
ships between Raman spectral parameters and reﬂectance of solid bitumen. The Raman spectral parameters of
the artiﬁcial bitumens, including band position (WD andWG), band separation (RBS), fullwidth at halfmaximum
(FWHM-Dand FWHM-G), and band intensity ratio (ID/IG) are all related to the bitumen reﬂectance, butwith con-
siderably different correlations, constrained apparently by thermal maturity. Linear regressions were performed
between these parameters and bitumen reﬂectance, and two parameters with higher correlation were selected.
They are RBS (within 1.5–3.5% of BRo) and ID/IG (within 3.0–5.0% of BRo), with a correlation coefﬁcient as high as
0.97. It is believed that the two Raman spectral parameters of solid bitumenwill be of signiﬁcant practical use for
the maturity assessment of the Early Paleozoic and Precambrian strata when standard measurement and curve
ﬁtting procedures are utilized.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
In recent decades, numerous papers have reported that the Raman
spectral characteristics and related parameters of geological solid or-
ganic matter, including coals, carboniferous fossils and carbonaceous
materials, can be used as indicators for thermal maturity (i.e., Beyssac
et al., 2002; Ferrari and Robertson, 2000; Guedes et al., 2010; Kelemen
and Fang, 2001; Kwiecinska et al., 2010; Muirhead et al., 2012; Quirico
et al., 2005, 2009; Rahl et al., 2005; Roberts et al., 1995; Schopf et al.,
2005; Schopf and Kudryavtsev, 2009; Zeng and Wu, 2007). Detailed
studies have focused on coals with different rank (Green et al., 1983;
Guedes et al., 2010; Kelemen and Fang, 2001; Marques et al., 2009;
Quirico et al., 2005; Sonibare et al., 2010). The ﬁrst-order characteristic
bands of the Raman spectrumof carbon in coals have been found to gen-
erally occur at approximately 1350 cm−1 (D band) and 1580 cm−1 (G
band) (Guedes et al., 2010; Kwiecinska et al., 2010; Wopenka and
Pasteris, 1993). The D band is also called D1 band (Marques et al.,
2009; Wopenka and Pasteris, 1993) or A band (Kelemen and Fang,
2001), and it originates in vibrations of the disordered structure ofghts reserved.carbonaceous material (Beyssac et al., 2002, 2003). The G band is
assigned to vibrations of the ordered (graphitic) structure (Beyssac
et al., 2002, 2003). With increasing thermal maturity, these two bands
show regular changes in their position, FWHM (full width at half maxi-
mum) and intensity, which have been shown to be clearly correlated
with maturity (Guedes et al., 2010; Kelemen and Fang, 2001; Kostova
et al., 2012; Quirico et al., 2005).
Solid bitumen is a type of organic matter extensively occurring in
petroleum-bearing basins and also in Precambrian shale-rich strata
(Jacob, 1989; Lomando, 1992; Schoenherr et al., 2007). Available data
indicate that despite the fact that solid bitumen is different from coal
in their precursors, their Raman spectral characteristics and related
changes in the process of thermal maturation are very similar (Court
et al., 2007; Jehlicka et al., 2003). However, as yet few studies have
been focused on the Raman spectral characteristics of solid bitumen, a
systematic study is lacking on changes to the Raman spectral parame-
ters in the process of thermal maturation. In the present study, a solid
bitumen sample with a low maturity was pyrolysed to obtain a suite
of artiﬁcial bitumen samples with different maturities, then their
Raman spectra were investigated, and the changes of the parameters
with the maturity were revealed. Combined with data from natural
samples, the use of Raman spectral parameters of natural and synthetic
bitumen as maturity indicators was explored.
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The original solid bitumen samplewas collected from a bitumen vein
in the Permian strata of the Changjianggou area, western Sichuan Basin
of southwestern China. As the outcrop resulted from the cutting of a
new road, the sample is fresh and has not been or very little subjected
to weathering and oxidation. The bitumen is of low maturity, with a bi-
tumen reﬂectance (BRo) of 0.43%. Since the Permian organic rich mud-
stone in this area is in a lower mature stage, it is believed that the
bitumen was derived from the Early Paleozoic marine shales, which are
widely distributed over the whole Sichuan Basin (Zhou et al., 2013).
The bitumen was powdered to 80-mesh, and heated in a vacuumed au-
toclave to 350 °C, 400 °C, 450 °C, 500 °C, 550 °C, 600 °C, 650 °C, 700 °C
and 750 °C, respectively, remaining for 24 h at each preset temperatureOriginal sample 
400°C 
600°C
700°C
Fig. 1. The solid bitumen at different heated temperatures.point. In this way artiﬁcial bitumen samples with different maturities
were obtained. These sampleswere prepared as polished blocks for bitu-
men reﬂectance measurements and Raman spectral analyses.
Bitumen reﬂectance was measured using a 3Y-Leica DMR XP micro-
photometer, according to the usual method of coal petrology as de-
scribed by Dai et al. (2012). Depending on the maturity of the bitumen
sample to be measured, a matching standard sample was selected
for use from the three available standard samples of YAG-08-57
(Ro = 0.904%), NR1149 (Ro = 1.24%) and cubic zirconia (Ro = 3.11%).
An oil immersion objective 50/0.85 was used. For each sample, 50 indi-
vidual bitumen particles were measured and their mean value was
taken as the bitumen reﬂectance.
A HORIBA-JY LabRAM spectrometer equipped with a He–Ne laser
(source power 30 mV) was applied for Raman spectral analysis of the300°C 
500°C 
650°C
750°C
Reﬂect light and oil immersion of optical microscope.
Fig. 3. Typical Raman spectra of the bitumen at different heated temperatures.
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Fig. 2. Relationship between reﬂectance (BRo%) and its pyrolytic temperature of the
bitumen sample.
21Q. Zhou et al. / International Journal of Coal Geology 121 (2014) 19–25bitumen samples. Raman spectra were obtained with a density ﬁlter to
avoid thermal decomposition of the samples. The main measuring con-
ditions are: laserwavelength 532 nm, exposure time10–20 s, and scan-
ning wave number range 1000–3000 cm−1. For each sample ﬁve
individual bitumen particles weremeasured. Curve ﬁtting for the deter-
mination of spectral parameters was performed with the GaussLorentz
model in the instrument software, and all the analytical and calculation
procedures were conducted following Beyssac et al. (2003).
3. Results and discussion
3.1. Optical characteristics of bitumen
Fig. 1 shows some photomicrographs of the solid bitumen at differ-
ent pyrolytic temperatures. For the unheated sample, the bitumen par-
ticles exhibit homogeneous optical properties, smooth surfaces, and no
voids. When the temperature is increased to 500 °C, the bitumen parti-
cles still show smooth polished surfaces with few voids but an obvious
increase in the reﬂectance. By 600 °C, some voids occur in the bitumen
particles, however, the polished surfaces are still smooth. Over 650 °C,
voids rapidly increase, and up to 700 °C, the polished surfaces of the bi-
tumen particles are ﬁlledwith voids and show a structure similar to that
of coke.
In the process of the pyrolysis, the reﬂectance of the bitumen con-
tinues to increase. To quantify the change of bitumen reﬂectance, an ap-
erture diaphragm size had to be adjusted depending upon the optic
properties of the bitumen. For the bitumen heated to a temperature
below 650 °C, a standard aperture diaphragm with a diameter of
10 μmwas used to measure the reﬂectance. For the bitumen heated at
700 °C and 750 °C showing void development at its polished surfaces,
an aperture diaphragmas small as 2–5 μmhad to beused and a relative-
ly smooth surface with few apparent voids was targeted for the reﬂec-
tance measurement. Fig. 2 shows the relationship between the
pyrolytic temperature of the bitumen and its average reﬂectance, the
two variables being linearly correlated with a correlation coefﬁcient as
high as 0.99. Consequently, the average bitumen reﬂectance can be
used to represent the thermal maturity, standing for the pyrolytic tem-
perature of the bitumen.
3.2. Raman spectral characteristics and parameters of bitumen
Raman spectra of the bitumen at different heated temperatures are
illustrated in Fig. 3. Similar to coals, the Raman spectra of these samples
generally show two ﬁrst-order characteristic bands, i.e., the D band at
1320–1330 cm−1 and G band at 1590–1650 cm−1. Even the unheated
sample presents these two characteristic bands. With temperature in-
creasing, both D and G bands tend to exhibit an increasing intensity,
and this is particularly for D band. When samples were heated to tem-
peratures below 600 °C, the D band has a distinctly weaker intensity
than the G band. When samples were heated to a temperature over
600 °C, the D band shows an apparent increase in intensity, and at
750 °C its intensity can be comparable to that of the G band. In addition,
the two band positions vary in a regular trend with temperature
increasing. The D band ﬁrstly shifts to lower frequencies, and then to
higher frequencies, with a turning point at around 600 °C. By contrast,
the G band shows only smaller changes in position, shifting to higher
frequencies with increasingmaturity (Fig. 3). Similar trends in band po-
sitions were also observed for coals and kerogens (Guedes et al., 2010,
2012; Kelemen and Fang, 2001; Marques et al., 2009; Sonibare et al.,
2010) and also for bitumens (Jehlicka et al., 2003) subjected to different
degrees of thermal maturation.
By comparison with the Raman spectral parameters for coals
(Kelemen and Fang, 2001; Kostova et al., 2012; Quirico et al., 2005;
Sonibare et al., 2010), the shape, relative intensity ratio, and position
changes for the D and G bands in the process of thermal maturation
can be quantitatively represented using the following parameters:(1) Band position: WD and WG
(2) Band separation: RBS = WG–WD
(3) Full width at half maximum: FWHM-D and FWHM-G
(4) Band intensity ratio: ID/IG
(5) Band area ratio: AD/AG.
These data plus bitumen reﬂectance (BRo) values are shown in
Table 1 and the relationships between these parameters and bitumen re-
ﬂectance are illustrated in Fig. 4. These parameters, to some extent, are
all correlated with bitumen reﬂectance. In different patterns, the same
parameter is distinctively correlated with BRo at different stages of mat-
uration. With maturity increasing, WG is slightly increased from 1595 to
1600 cm−1 when BRo b2.0%, but becomes generally stabilized at ca.
1600 cm−1 after BRo N2.0%. WD varies randomly between 1360 and
1370 cm−1 when BRo b2.0%, but shifts apparently toward lower fre-
quencies from 1360 cm−1 to 1325 cm−1 when BRo ranges from 2.0 to
3.5%. When BRo N3.5%, WD tends to increase slightly. Constrained by
WD and WG changes, BRS increases with maturity increasing before
BRo b3.5%, but tends to decrease slightly with further maturity increas-
ing. With maturity increasing, both FWHM-D and FWHM-G tend to
decrease. FWHM-D changes inconspicuously when BRo b1.5%, but de-
creases markedly from 250 cm−1 to 120 cm−1 after BRo N1.5%.
FWHM-G decreases signiﬁcantly from 120 cm−1 to 55 cm−1 when
BRo b2.5%, but becomes stable at ca. 55 cm−1 when BRo N2.5%. With
maturity increasing, ID/IG decreases slightly with scattered results
when BRo b3.0%. However, this parameter increases rapidly and tends
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and FWHM-D/FWHM-G are similar with increasing maturity. The two
parametersﬁrst increase, thendecrease signiﬁcantly,with turning points
at BRo 3.0% and 2.5%, respectively.3.3. Maturity indicators derived from Raman spectra
Based on the above observations, it is clear that the Raman spectral
parameters of a solid bitumen can reﬂect its maturity. Parameters in-
cludingWD, RBS, FWHM-D, ID/IG, and FWDH-D/FWDH-G can be recom-
mended, even though they arewell correlatedwith bitumen reﬂectance
over only certain ranges of maturity deﬁned as follows: WD within the
BRo range of 1.5–3.5%, RBS within BRo 1.5–3.5%, FWHM-D within BRo
1.5–5.0%, and ID/IG and FWDH-D/FWDH-G with BRo N3.0%. LinearTable 1
Reﬂectance values and Raman spectral parameters of the studied bitumen sample at different
Temperature (°C)-measured point BRo (%) WD (cm−1) WG (cm−1)
Original 0.43 1363.00 1595.04
300-1 0.65 1362.39 1594.92
300-2 1359.06 1591.6
300-3 1359.06 1598.28
300-4 1365.71 1595.6
300-5 1368.36 1597.66
350-1 1.15 1364.72 1598.94
350-2 1366.70 1600.18
350-3 1365.80 1599.89
350-4 1365.67 1601.53
350-5 1366.86 1601.53
400-1 1.40 1365.38 1601.98
400-2 1364.52 1601.05
400-3 1364.45 1601.58
400-4 1367.02 1603.62
400-5 1363.41 1599.74
450-1 1.79 1361.83 1600.39
450-2 1360.63 1600.69
450-3 1356.17 1596.09
450-4 1365.94 1596.35
450-5 1359.43 1598.3
500-1 2.23 1355.71 1602.8
500-2 1359.03 1603.56
500-3 1358.78 1604.27
500-4 1358.78 1603.68
500-5 1355.71 1601.53
550-1 2.69 1351.77 1605.03
550-2 1348.61 1603.88
550-3 1349.06 1602.42
550-4 1349.06 1602.00
550-5 1350.46 1602.77
600-1 3.36 1333.65 1599.05
600-2 1333.27 1599.92
600-3 1330.69 1598.36
600-4 1331.08 1601.00
600-5 1334.37 1599.13
650-1 3.80 1334.05 1602.52
650-2 1331.44 1601.30
650-3 1327.54 1600.25
650-4 1333.39 1600.65
650-5 1333.39 1601.65
700-1 4.50 1328.19 1598.95
700-2 1331.44 1599.60
700-3 1338.6 1600.25
700-4 1334.58 1600.25
700-5 1337.30 1599.60
750-1 4.81 1341.20 1601.55
750-2 1336.00 1602.20
750-3 1338.60 1600.25
750-4 1339.25 1597.65
750-5 1337.95 1604.16
Notation: WD and WG, Band position; BRo: Average bitumen reﬂectance; RBS = WG–WD, ban
ratio; AD/AG, Band area ratio.regressions of the relationships of these parameters with BRo for their
best-applied maturation ranges (Fig. 5) are as follows:
BRo ¼ 85:31−0:0613WD R2 ¼ 0:93
 
BRo ¼ 0:0626 RBS−13:17 R2 ¼ 0:97
 
BRo ¼ 7:96−0:0245 FWDH−D R2 ¼ 0:90
 
BRo ¼ 5:64 ID=IG−0:745 R2 ¼ 0:97
 
BRo ¼ 7:17−1:065 FWDH−D=FWDH−G R2 ¼ 0:94
 
:
It can be seen that BRo is best correlated with RBS and ID/IG,. In both
cases, the correlation coefﬁcients are as high as 0.97.heated temperatures.
RBS (cm−1) FWHM-D (cm−1) FWHM-G (cm−1) ID/IG AD/AG
231.71 261.64 110.40 0.76 2.37
232.53 262.95 110.64 0.76 2.38
232.54 278.57 117.15 0.78 2.38
239.22 265.55 115.85 0.74 2.29
229.89 275.96 109.34 0.67 2.53
229.3 256.44 101.94 0.77 2.52
234.22 279.87 89.40 0.68 3.132
233.48 277.27 80.70 0.67 3.434
234.09 303.30 85.70 0.67 3.54
235.86 270.76 75.50 0.75 3.59
234.07 274.66 78.10 0.73 3.52
236.6 256.44 68.99 0.63 3.72
236.53 264.25 70.29 0.75 3.76
237.13 279.87 71.59 0.68 3.91
236.6 268.15 65.08 0.66 4.12
236.33 274.66 74.19 0.65 3.70
238.56 242.12 70.81 0.69 3.42
240.06 235.61 67.21 0.73 3.51
239.92 229.11 73.73 0.728 3.11
238.74 221.30 77.63 0.68 2.85
238.19 229.11 63.42 0.76 3.61
247.09 247.33 61.18 0.66 4.04
244.53 247.33 59.88 0.65 4.13
245.49 247.33 59.88 0.66 4.13
244.9 246.03 61.18 0.72 4.02
245.82 230.64 70.29 0.68 3.28
253.26 209.58 52.07 0.71 4.03
255.27 231.71 53.37 0.71 4.34
253.28 225.20 53.37 0.70 4.22
252.94 214.79 58.57 0.68 3.67
252.31 226.50 53.37 0.69 4.24
265.4 223.80 61.18 0.71 3.66
266.65 217.39 57.27 0.73 3.80
267.67 212.18 55.97 0.73 3.79
269.92 205.67 55.97 0.73 3.67
264.76 212.18 61.18 0.74 3.47
268.47 160.11 52.07 0.80 3.08
269.86 160.11 53.37 0.81 3.00
272.71 149.70 50.77 0.81 2.951
267.26 165.32 54.67 0.81 3.02
268.26 165.32 54.67 0.81 3.02
270.76 134.08 54.67 0.90 2.45
268.16 137.98 55.97 0.92 2.47
261.65 143.19 54.67 0.90 2.62
265.67 141.89 54.67 0.90 2.60
262.30 140.59 54.67 0.91 2.57
260.35 127.57 54.67 0.99 2.33
266.20 122.36 54.67 1.00 2.24
261.65 127.57 58.58 2.00 2.18
258.40 123.67 52.48 1.01 2.36
266.21 123.67 59.46 1.011 2.08
d separation; FWHM-D and FWHM-G, Full width at half maximum; ID/IG, Band intensity
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teristics of artiﬁcial samples are comparable to those of natural samples
(Kelemen and Fang, 2001). In order to assess the possible geological
application of the correlation relationships established above, dataFig. 4. Relations between Raman spectral parameters (sfrom somenatural bitumen sampleswere included in the correlation di-
agrams (Fig. 5) established in this study. The Raman spectral data of the
natural samples were drawn from Liu et al. (2013). These samples were
collected from some boreholes and bitumen mines from Sichuan Basinee text) and BRo of the artiﬁcial bitumen samples.
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zoic carbonate. These bitumens are matured to a high maturity, with
BRo values ranging from 1.98% to 4.10%. Regional petroleum geological
observations indicate that theywere probably derived from oil generat-
ed from the Lower Cambrian and/or Lower Silurian marine black shales
(i.e. Huang et al., 2011; Lin et al., 2011). Their Raman spectral data were
obtained in the same laboratory, using the same instrument, under the
same test conditions and curve ﬁtting procedure, as used in the present
study, thus the two suites of data should be comparable. As shown in
Fig. 5, the data points from the natural bitumen samples are basically
consistent with those from the artiﬁcial bitumen samples of this study.
The data of RBS, WD, ID/IG, and FWHM-D/FWHM-G are in good agree-
ment, but the FWDH-D data are rather scattered. The natural samples
show smaller FWDH-D values than the artiﬁcial samples at the same
BRo (i.e., the narrower D bands).Whether this characteristic is in partic-
ular related to the geological conditions, such as lower temperature and
higher pressure, requires further study.Fig. 5. Correlations between the Raman spectral parameters and BRo of the artiﬁcial bitumen sam
The natural bitumen data are from Liu et al. (2013).In summary, it can be concluded that among the Raman spectral
parameters for solid bitumen, RBS and ID/IG are the best maturity indica-
tors, applying respectively to the bitumenwithmoderate tohighmaturity
(BRo b 3.5%) and to the bitumen with very high maturity (BRo N 3.0%).
3.4. Possible application of Raman spectral parameters as maturity
indicators
The Early Paleozoic and Precambrian shale-rich strata generally lack
vitrinite and ﬂuorescent macerals due to their age and high maturity,
therefore conventional maturity indicators (e.g., vitrinite reﬂectance,
ﬂuorescence parameters) cannot be applied to their maturity determi-
nation. Solid bitumen occurs widely in these strata (including reservoir
rocks and carrier beds; Fu et al., 1989), and in organic-rich shales
(Carolyn andThompson-Rizer, 1987; Xiao et al., 2000), thus bitumen re-
ﬂectance is the most commonly used maturity indicator (Jacob, 1985,
1989; Rogers et al., 1974). However, bitumen reﬂectance has someples over the selectedmaturity ranges in comparisonwith Ramandata on natural bitumens.
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generally very ﬁne in size (b5–10um), and in some cases, show a very
strong optical anisotropy, making it very difﬁcult to obtain accurate re-
ﬂectance measurements (Fu et al., 1989; Xiao et al., 2000). In contrast,
Raman spectral parameters of solid bitumen could solve this problem.
The advantages of Raman spectral method include: (1) requirement of
a small amount of sample (dozens of mg), (2) very ﬁne-grained parti-
cles (as small as 1 μm) that could be used (Guedes et al., 2010; Schopf
et al., 2005; Schopf and Kudryavtsev, 2009), and (3) less dispersion of
the data compared with reﬂectance; hence, the reliable Raman spectral
parameters can be obtained from only a fewmeasured points (Liu et al.,
2013).
Previous studies have also discussed the inﬂuence of factors except
maturity on the Raman spectral parameters of solid organic matter, in-
cluding their precursors (Quirico et al., 2009), ﬂuids (Guedes et al.,
2005), measurement conditions (laser wavelength, excitation time),
sample preparation (powder sample or polished thin section sample),
and models and procedures for curve ﬁtting (Beyssac et al., 2003;
Quirico et al., 2005). These factors affect the magnitude of Raman spec-
tral parameters of solid organic matter, accounting for poor agreement
among results from different authors. Experience in establishing the in-
ternational standard method for vitrinite reﬂectance measurement
should be applied to the Raman spectral measurements and parameter
determination through curve-ﬁtting procedures for solid bitumens. In
this way, the general application of the Raman spectral parameters as
maturity indicators would become possible.
4. Conclusions
The following major conclusions of the present study are:
(1) The two ﬁrst-order bands, i.e., the D and G bands of the Raman
spectrum of carbon from a suite of artiﬁcially-matured bitumen
samples show regular changes in their intensity, shape, and posi-
tion with increasing thermal maturation. The related Raman
spectroscopic parameters are correlatedwith the bitumen reﬂec-
tance in varying patterns and degrees, constrained by the level of
maturity.
(2) Among the Raman spectral parameters of the bitumen samples,
RBS and ID/IG are bestmaturity indicators, showing a linear corre-
lation with the bitumen reﬂectancewith a correlation coefﬁcient
as high as 0.97 within the BRo range of 1.5–3.5% and 3.0–5.0%,
respectively.
(3) These two-preferred Raman spectral parameters of the artiﬁcial
bitumen samples compare well with the natural bitumen sam-
ples. With the establishment of a standard method, it is believed
that these two parameters could be in practice applied to assess-
ment of maturity of early Paleozoic and Precambrian strata.
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